Integrated optical chips have already been established for application in optical communication. They also offer interesting future perspectives for integrated quantum optics on a chip. At present, however, they are mostly fabricated using essentially planar fabrication approaches like electron-beam lithography or UV optical lithography. Many further design options would arise if one had complete fabrication freedom in regard to the third dimension normal to the chip without having to give up the virtues and the know-how of existing planar fabrication technologies. As a step in this direction, we here use three-dimensional dip-in direct-laser-writing optical lithography to fabricate three-dimensional polymeric functional devices on pre-fabricated planar optical chips containing Si 3 N 4 waveguides as well as grating couplers made by standard electron-beam lithography. The first example is a polymeric dielectric rectangular-shaped waveguide which is connected to Si 3 N 4 waveguides and that is adiabatically twisted along its axis to achieve geometrical rotation of linear polarization on the chip. The rotator's broadband performance at around 1550 nm wavelength is verified by polarization-dependent grating couplers. Such polarization rotation on the optical chip cannot easily be achieved by other means. The second example is a whispering-gallery-mode optical resonator connected to Si 3 N 4 waveguides on the chip via polymeric waveguides. By mechanically connecting the latter to the disk, we can control the coupling to the resonator and, at the same time, guarantee mechanical stability of the three-dimensional architecture on the chip.
INTRODUCTION
Nanophotonic integrated circuits allow for realizing complex optical functionality by assembling many individual devices into fullscale systems. Relying on established fabrication routines originally developed for the realization of integrated electrical circuits, such devices can be manufactured with high accuracy and reproducibility. For application in telecommunication and optical signal processing, this typically requires the use of electron-beam lithography or advanced optical lithography to fabricate structures with deep submicrometer dimensions. To date, the necessary lithographic resolution is readily available for structuring quasiplanar integrated optical components. By combining planar lithography with subsequent transfer into materials with higher refractive index, high-quality optical devices can be realized. These include nanophotonic waveguides with propagation loss down to 0.1 dB cm 21 , 1 optical resonators with quality factors approaching a billion 2, 3 as well as a rich library of devices for signal processing including interferometers, 4-7 filters 8, 9 and tunable systems. [10] [11] [12] [13] Fabricated circuits find applications in traditional linear optics, 14, 15 non-linear optics [16] [17] [18] and recently also for the realization of integrated non-classical and quantum-optical circuits. [19] [20] [21] While remarkable progress has been made in developing suitable devices for many applications, the design process is generally borrowed from top-down fabrication and thus, imposes stringent limitations on devices which cannot be easily obtained with planar technology. This includes the realization of three-dimensional (3D) photonic crystals, 22, 23 curved surface optical elements 24 and lens structures. [25] [26] [27] [28] Similarly, multi-layer topographies 29, 30 as usually employed in electronic chips are difficult to achieve. Even in planar circuits limitations arise, for example, for the realization of polarization control [31] [32] [33] [34] [35] [36] or for the implementation of free-standing structures required for tunable 37, 38 and optomechanical applications. [39] [40] [41] Therefore, advanced lithography techniques that provide access to truly 3D geometries are of particular interest. Among the available options direct laser writing (DLW) 42 is especially attractive for the combination with planar circuits because of direct fabrication compatibility. Besides providing full writing flexibility, [43] [44] [45] DLW also offers lithographic resolution better than 100 nm 46 and fast writing speed. 47 Using DLW polymer photonic wirebonds for interchip communication have been demonstrated, 48 illustrating that waveguiding in DLW-written photonic components can be achieved with low loss. 50 Here we extend current photonic integrated circuits to full three dimensions by combining planar lithography with DLW. Using DLW allows us to realize circuit elements that cannot be fabricated with traditional methods as a powerful approach for next-generation on-chip optical components.
MATERIALS AND METHODS

Device fabrication
We first fabricate planar nanophotonic circuits using high-quality silicon wafers thermally oxidized to a thickness of 2.6 mm. A top layer of 450 nm stoichiometric silicon nitride is subsequently deposited by low-pressure chemical vapor deposition. The growth conditions are adjusted to lower the internal tensile stress in the nitride film to avoid film cracking after post-deposition cool-down. To structure the nanophotonic circuits, we employ ma-N 2403 negative tone resist for exposure with a Jeol 5300 50 kV electron-beam lithography system. After exposure, the samples are developed in MF-319 and a reflow procedure is applied to reduce the residual surface roughness of the resist. The samples are placed on a hot-plate at 110 6 C for 1 min, which leads to a partial softening of the ma-N resist and subsequent smoothing of the as-written resist surface. The pattern is then transferred into the silicon nitride layer using CHF 3 /O 2 plasma in an Oxford Plasmalab 80 Plus reactive-ion etching system. To realize rib waveguides, the silicon nitride layer is fully etched, so that the resulting nanophotonic components have a thickness of 450 nm.
In a second lithography step, the nanoscribe Photonic Professional 3D lithography system is employed to write 3D optical components on the pre-structured integrated optical chips. For mechanical stability, the chip is glued onto a sample holder and then fully covered by the liquid dip-in photoresist (Nanoscribe IP Dip). A computer-controlled sample stage allows for precise manipulation of the chip position. In the dip-in configuration, which we employ for DLW of all our objects, the objective lens of the writing system is immersed in the photoresist. This allows for convenient writing on top of opaque substrates, like the silicon carrier layer we use during our fabrication. With the help of alignment markers written in the first lithography step in the vicinity of the waveguides (Figure 1c ), the DLW system is aligned relative to the nanophotonic circuit with submicrometer accuracy. Since the chip plane is generally slightly rotated and tilted with respect to the coordinate system of the sample stage, coordinates have to be transformed before the writing can start. The DLW by itself is carried out by focusing the writing laser into the photoresist. The photoresist is designed such that single photons from the writing laser cannot be absorbed, but a two-photon absorption can induce polymerization. Since nonlinear processes scale with intensity, the polymerization occurs where the intensity is the highest, i.e., in the focal volume of the laser. Furthermore, the polymerization process exhibits a threshold behavior. Thus, only a volume within a certain iso-intensity surface (a 'voxel') given by the threshold intensity of the resist is polymerized. Hence, by moving the sample, arbitrary 3D trajectories can be polymerized, with the resolution being limited by the voxel size. In our setup, typical voxels are ellipsoids with a lateral diameter of 200 nm and an axial diameter of 500 nm.
The structures we fabricate are several voxel sizes large in all three dimensions. Therefore, we cannot write the whole 3D device (e.g., a 3D bridge waveguide) using a single DLW trajectory. Instead, we decompose the volume of the 3D device to be written into slices less than a voxel size apart from each other. These slices are then filled up using a rectangular spiral pattern. By writing the spiral patterns slice by slice using DLW, we finally obtain the designed 3D structure.
After DLW, the chip is removed from the sample holder and developed with mr-Dev 600 and IPA successively. Typically, we blow-dry the samples using a nitrogen gun. For more delicate structures like disk resonators, however, drying is carried out using a Leica EM CPD030 critical point dryer. Fabricated free-standing DLW structures show good mechanical stability and do not collapse even after repeated measurement sessions or after mechanical shock. Using atomic force microscopy, we can determine the surface roughness of the polymer structures after development. From area scans of 0.531 mm 2 on several written structures, we find typical root-meansquare roughness of 5 nm, well below the wavelength of the photonic circuits in the telecoms C-band.
Measurement set-up
In order to characterize the fabricated devices, transmission measurements at near-infrared wavelengths are performed. We use a continuously tunable laser (New Focus TLB-6600) to cover the spectral band between 1510 nm and 1620 nm, fiber-coupled to single-mode optical fibers. After passing through a fiber polarization rotator for additional polarization control, the laser output is sent to the chip using an optical fiber array. The fiber array comprises several single-mode Hybrid 2D-3D optical devices M Schumann et al 2 fibers with fixed separation, providing multiple access ports to the integrated optical devices. Light from the fiber array is coupled into the nanophotonic waveguides using focusing grating couplers written in the first lithography step. After passing through the on-chip device, the transmitted optical signal is coupled out again through a second grating coupler and finally is detected by a low-noise photodetector (New Focus 2117). To allow for easy measurement of several on-chip devices and straightforward alignment, the chip is mounted on a computer controlled piezomovable sample stage, allowing us to align the grating couplers with respect to the fiber array with high accuracy.
Chip layout and design A typical nanophotonic circuit used to characterize 3D optical components is shown in Figure 1a , including nanophotonic waveguides, beam splitters and optical input/output ports. Light is coupled into the circuit through a central focusing grating coupler (close-up in Figure 1b ) on port 2. Shortly afterward, the propagating mode is split 50 : 50 by a Y-splitter. The light is then guided by nanophotonic waveguides that are 450 nm thick and 1 mm wide. This choice of waveguide geometry supports two guided modes at a wavelength of 1550 nm, one being transverse electric (TE)-like, the other one transverse magnetic (TM)-like. One half of the light is guided to a reference port (1), the other half to a tapered waveguide (close-up in Figure 1c ). The light in the tapered waveguide is coupled into a 3D optical component, which previously was fabricated by DLW such that it closes the gap between the facing tapered waveguides. Eventually, the light is coupled back into the nanophotonic circuit and leaves the chip through another grating coupler (port 3).
The usage of grating couplers to access the chip has several advantages. They allow for semi-automatic, contact-free measuring of a multitude of similar devices in one measurement session. At the same time, reasonably high coupling efficiencies can be achieved. 50, 51 Also, grating couplers are mode-sensitive because their efficiency depends on the effective grating index. 52 Therefore either of the TE or TM modes can be selectively excited using a suitably designed input coupler. Finally, the maxima of the coupling efficiency can easily be shifted spectrally by adjusting the grating period. 41 Exploiting the latter two aspects, we employ two types of grating couplers that couple the incident light to either the TE-like or the TM-like waveguide mode more efficiently in the investigated wavelength regime. Using a suitably adjusted grating profile, only one mode is coupled in, while the other polarization is suppressed by more than 10 dB per grating coupler over a large portion of the spectral band covered by our experimental set-up. Exemplary coupling efficiency curves for both TE and TM grating couplers are shown in Figure 1d , optimized for a central coupling wavelength in the telecoms C-band.
RESULTS AND DISCUSSION
3D bridge waveguides
In order to transfer light from planar waveguides to arbitrary 3D components, efficient coupling between the nanophotonic circuit and a 3D waveguide is crucial. Low insertion loss can be achieved by employing inverted tapers which are conveniently used for coupling nanophotonic waveguides to optical fibers in order to overcome the large insertion loss due to modal size mismatch. Such an approach is ideally suited for interconnecting planar and 3D waveguides written by DLW. Therefore, the transmission characteristics of a 3D bridge waveguide are studied.
To achieve efficient mode matching between the planar silicon nitride waveguide and the polymer waveguides written by DLW, we employ an inverse tapering section in the transition region. The silicon nitride waveguide is tapered over a length of 20 mm to a width of 50 nm, limited by the resolution of the electron-beam writer. The silicon nitride taper section is covered with a polymer tapered waveguide of larger cross-section. Using finite-difference time-domain (FDTD) simulations 53 with the software package meep, 54 we optimize the geometry of the transition region. For the final design of the polymer structure, we use a tapering length of 30 mm from a starting width of 3 mm to the final width of 4 mm. The waveguide height is tapered from 5 mm to 6 mm over the same length. From the FDTD simulation results, we estimate an insertion loss of less than 1 dB for wavelengths up to 2 mm. We note, however, that the FDTD simulations do not take the surface roughness of the polymer waveguides into account. Therefore, the simulated propagation loss provides a lower bound for the insertion loss considering only optical losses due to scattering or radiation coupling into the substrate. In the following, the transmission loss induced by a 3D polymer waveguide is considered to be only due to insertion loss at the taper facets.
To experimentally test the simulation results, we employ a nanophotonic device similar to the one shown in Figure 1a , but without port 4. The polymer waveguide is written on our DLW set-up in approximately 40 min, depending on the actual length of the polymer structure. To characterize the properties of the polymer waveguide, we measure transmission through the polymer section from one silicon nitride input waveguide to a second silicon nitride output waveguide. The 3D bridge waveguide sits in the gap between the planar waveguides leading to ports 2 and 3, respectively. All three grating couplers are of the same type, i.e., they excite the same waveguide mode when illuminated. In this fashion, the transmission coefficient of the 3D bridge waveguide can be deduced separately for TE and TM light. For the measurement, we input the laser light on port 2 and detect the signal on port 1 and port 3. Prior to measuring, we optimize the signal on port 3 by aligning the chip relative to the fiber array and adjusting the input polarization such that it fits the preferred polarization of the respective grating coupler. When analyzing the detector signal on port 3, propagation losses in the silicon nitride waveguides can be neglected. From calibration measurements on purely planar silicon nitride reference circuits, we estimate propagation loss of 0.3 dB cm 21 . Thus, for the waveguides in this paper (which are only a few hundred micrometers long), the planar propagation loss can be safely neglected. Hence, the signal on port 3 normalized to the laser output power becomes
where a is the coupling efficiency of a grating coupler and t is the insertion loss per facet of the bridge waveguide. The factor K is due to the Y-splitter. As the transmission measured on port 1 is
the insertion loss per facet t is then readily deduced by measuring T 2R1 and T 2R3 :
For reference purposes, we first analyze polymer waveguides that span the distance between the silicon nitride tapers in contact with the underlying substrate. The fabricated waveguide is 160 mm long, including two tapered input sections. For this configuration, we measure a transmission loss of 2 dB, translating into an insertion loss of
1 dB per taper, in fair agreement with the numerical predictions (0.3 dB per taper section in the wavelength range between 1500 nm and 1600 nm). However, as mentioned above, in the simulation results, the propagation loss due to surface roughness is not included, thus accounting for the difference. Furthermore, the transmission loss remains below 3 dB over the entire wavelength range accessible to our measurement set-up (i.e., 100 nm) and is thus suitable for broadband operation.
We then perform characterization of fully-3D polymer waveguides by fabricating microbridges between the nitride waveguide sections. To reduce propagation losses due to bending and scattering, the transition from the planar polymer waveguide to the free-standing waveguide sections is achieved with a smooth transition function, which depends on the separation between the waveguides and the elevation of the bridge above the substrate. This measurement is performed for several combinations of length and central height of the 3D bridges. The results for the TE-like waveguide mode are shown in Figure 2c . A broadband insertion loss of approximately 2 dB per facet is observed for the longer and higher bridges, i.e., the ones bridging gaps of 110 mm and 170 mm and a central height of 20 mm and 30 mm, respectively. The high insertion loss for shorter bridges is assumed to be due to increasing non-adiabaticity of the planar-3D waveguide transition. For TM-polarized light, we observe a qualitatively similar trend of decreasing transmission with smaller bridge lengths. However, the insertion loss per facet is about 2 dB higher. Nevertheless, the overall transmission through the bridge is still sufficiently high to allow for efficient interconnection of arbitrary objects to on-chip planar waveguides. By comparing to the insertion loss measured for waveguides in contact with the substrate, we attribute the excess insertion loss to additional radiation loss occurring at the bend sections of the bridge. Hybrid 2D-3D optical devices M Schumann et al 4
Polarization rotators
With access to 3D form shaping on a submicron-scale, waveguide geometries that cannot be achieved by traditional nanofabrication techniques can readily be produced. This additional degree of freedom is of particular interest for achieving control of the polarization of propagating optical modes on a chip, which is non-trivial with planar architectures.
Using 3D waveguides to achieve polarization rotation of a propagating mode, we employ DLW to twist the waveguide along the propagation direction. Such devices can be integrated into planar circuits using the polymer-inverted tapers described above. The twist, however, induces coupling among all waveguide modes. Thus, in order to optimize polarization rotation of a given mode, two properties of the rotator can be tuned. First, the number of guided modes should be ideally one and the propagation constants of the remaining modes should differ from each other as much as possible. The latter can be achieved by employing a rectangular waveguide with a large aspect ratio. Second, for a given cross-section of the waveguide, increasing the twist length will improve polarization rotation. 31 We employ a twisted 3D rectangular waveguide fabricated by DLW as a polarization rotator. The design is again optimized by FDTD simulations for optimal conversion efficiency with minimal device length. The final design has a cross-section of 1.233 mm 2 and is twisted along a length of 100 mm (Figure 3 ). Eigenmode simulations using the finite-element simulation software COMSOL 55 show that for this particular cross-section of the waveguide, the number of guided modes is minimal. Assuming refractive indices of 1.444 for the oxidized silicon layer and 1.54 for the exposed DLW resist, one TM-like mode (n eff 51.450) is guided in the 3 mm high end of the rotator. In the shallow end (1.2 mm high), however, one TM-like (n eff 51.462) and one TE-like mode (n eff 51.468) are guided for a wavelength of 1550 nm. Having found the eigenmodes with FEM simulations to illustrate the modal evolution along the polymer rotator, we then use FDTD simulations to quantitatively optimize the rotation performance by varying the geometry of the device. Even though propagation loss is difficult to predict accurately, relative comparison between simulated geometries allows for structural optimization. With the help of FDTD simulations, a minimum length of 80 mm is found to be necessary for optimal performance of the rotator. For longer polarization rotators, the net rotation efficiency is predicted to be around 95%.
In order to measure the rotation efficiency of the polarization rotator, we use nanophotonic circuits as shown in Figure 4a and 4b. The polymer waveguide section is written on our DLW set-up within a 20-min exposure. In these circuits, the laser light is coupled into the planar waveguides using port 2, where a TM grating coupler is located. Thus, mainly the TM-like waveguide mode is excited. After a Y-splitter, one half of the TM light is guided towards a reference TM grating coupler and is detected there. The reference coupler is used to calibrate the optical intensity in the waveguide, which is needed for determining the rotation efficiency of the device. The other half of the input TM light is guided through the polymer polarization rotator. After rotation, we couple the light out through a TE grating coupler, which is efficient for the TE-like mode. Similar to the design on the TM side, we employ also a Y-splitter and a second grating coupler optimized for TE, to calibrate the rotated intensity in the output waveguide.
In addition, we repeat the experiment on the same device, but use port 3 (TE) as input and port 2 (TM) and port 4 (TE) as outputs this time. Ignoring propagation losses in the planar waveguides, the following transmittances (relative to the laser output power) can be measured:
Here, a TE,TM is the coupling efficiency for the TE and TM couplers, respectively. g is the rotation efficiency of the polarization rotator in the sense that this fraction of the TM-like light in the feeding waveguide towards the rotator is in the rotated (TE-like) state after passing the rotator and coupling back into the planar waveguide. The additional factor c TE in the expression for T 2R3 is due to the fact that the Y-splitter only transmits a fraction c TE of the incident TE-like mode when used in the backward direction. This factor is determined in a separate transmission measurement, but with a nanophotonic device on the same chip, such that the chip alignment relative to the fiber array is the same. In order to relate the fraction of the rotated light g to the total output power of the polarization rotator, we measure the fraction of the light whose polarization is not rotated. Therefore, a similar nanophotonic circuit on the same chip is employed. Only the TE grating couplers on port 3 and port 4 are replaced by TM couplers there. For this circuit, the transmission from port 2 to port 3 relative to the laser output power becomes
where t TM is the transmittance for the TM-like mode through the polarization rotator and c TM is the fraction of a TM-like mode that is transmitted through the Y-splitter in backward direction. This can be measured in the same way as c TE , but may have a different value. The coupling efficiency of the TM grating coupler in this nanophotonic circuit a 0 TM is calculated separately from the transmission from port 2 to port 1 there (T 0 2?1 ), as it may be slightly different from the one obtained in the first circuit due to slightly different alignment of the fiber array. Finally, the ratio between the polarization-rotated light intensity (in the TE-like mode) and the total intensity in the drop waveguide (TElike1TM-like mode) after the rotator q TE can be calculated:
This quantity can be understood as the net rotation efficiency of the polarization rotator.
For the rotator-induced relative power loss from feed to drop waveguide in units of dB, we get
The measurement results for these two quantities for two exemplary polarization rotator devices are shown in Figure 4c . For these two rotators, the grating couplers have slightly different grating periods, such that their transmission profile and the suppression ratio are different as well. Because the grating couplers provide limited bandwidth, using two different sets of couplers allows us to characterize the performance of the rotator over a wider frequency range. From the measurements, we extract net rotation efficiency above 75% across the entire tuning range of our input laser. For the device with longer wavelength coverage, we measure maximum net rotation efficiency above 90%, in close agreement to the FDTD simulations mentioned above (95%). The discontinuity between the two measured devices is due to slightly different waveguide cross-sections, which vary between different DLW runs and thus, lead to slightly differing propagation properties.
We note that all calibration measurements rely on the fact that the suppression ratio between the coupling efficiency for TM and the coupling efficiency for TE for a given grating coupler (e.g., a TM grating coupler) is sufficiently large. Therefore, we measure the suppression prior to determining the rotation efficiency of the polarization rotator and show the efficiency and loss results only for the part of the spectrum where the suppression is better than 10 dB. In order to obtain the polarization suppression spectrum for the grating couplers, we perform two pairs of subsequent transmission measurements. For the first set, we use a nanophotonic circuit comprising only two TE grating couplers connected through a planar waveguide. Prior to recording the transmission spectrum, we align the fiber array relative to the grating couplers. In the first measurement, we maximize transmission by adjusting the input polarization using the fiber polarization rotator. As TE grating couplers excite the TE waveguide mode efficiently, the transmission becomes
where T is the transmission relative to the laser output power and a is the coupling efficiency of the grating coupler. Subscripts denote the type of grating coupler (either TE or TM) and superscripts indicate the waveguide mode (also either TE or TM) that is coupled in or out of the chip by the grating. In the second step, we minimize transmission by only changing the input polarization. Then we get for the transmission through the nanophotonic circuit Experimentally we find that s dB TE is well above 10 dB for the whole spectral band covered by our set-up. The 10 dB suppression bandwidth for TM grating couplers, however, is only 60 nm. In order to cover the whole spectral band of our set-up, we thus employ two types of TM grating couplers with slightly different grating periods.
Microdisk resonators
Besides rotating the polarization of light, the ability to couple light into 3D devices can be exploited to evanescently couple to free-standing 3D resonators. As a demonstration, we fabricate both a 3D bridge waveguide and a free-standing disk resonator close to it (Figure 5a ) using a single DLW lithography step. The gap between resonator and waveguide is designed to be 500 nm, but from scanning electron microscope (SEM) images (Figure 5b and 5c), we find that the structures attach to each other. The disk resonator is designed to have a diameter of 30 mm and a nominal thickness of 2 mm, supported by a central pedestal with a diameter of 7 mm. The bridge waveguide is again coupled to a nanophotonic circuit. Here, however, the 3D waveguide has a height of 3 mm and a width of 1.2 mm, such that it only guides a TM-like mode. These structures are realized in a DLW session of roughly 2 h per device. To couple to the TM mode, we do not use inverse tapers for the connection to the nanophotonic waveguide, i.e., the rectangular cross-section of 1.233 mm 2 is maintained throughout the whole waveguide. Since for TM-like light, the evanescent field will be most prominent below and above the 3D bridge waveguide, we couple light from the waveguide into the disk in the vertical direction as illustrated in Figure 5a . In this way, the microdisk is written above the waveguide. In order to increase the coupling length, the trajectory of the bridge waveguide follows the rim of the disk for half a disk circumference.
We study the coupling between bridge waveguide and resonator by conducting the same type of transmission measurement as for the bridge waveguide characterization alone (see above). By adjusting the polarization of the incoming laser light, we predominantly launch TM-polarized light into the planar circuits. Nevertheless, because the guided mode is of a quasi-TM type, there is residual coupling to TE polarization in the planar waveguides as well in the free-standing polymer structures. In the transmission spectrum (Figure 6a ), we identify four sets of resonance dips that are regularly spaced, corresponding to different resonator modes (Figure 6b-6e) . The free spectral range (FSR) for the respective mode is obtained through a linear fit of the spectral positions of the dips as shown in Figure 6f . In order to assign the resonance dips to the corresponding whispering-gallery modes of the disk resonator, we simulate the eigenmodes of the disk resonator using COMSOL. 56, 57 The simulations are performed for a microdisk resonator without the waveguide present. Thus, the results predict the properties of the intrinsic microdisk, which can be analyzed experimentally in the limit of weak coupling. Nevertheless, by comparing the experimentally found resonance positions for different devices with varying coupling conditions, we find that the absolute value of the FSR does not significantly change when the waveguide is brought closer to the disk. By extracting the spectral difference between eigenfrequencies of successive azimuthal mode orders, we obtain the simulated FSR. Experimental and simulated FSRs are in good agreement and thus allow us to assign individual modes to the transmission dips within one FSR as shown in Figure 6b -6f. Here modes A and D are the TM and TE polarization of a first-order radial first-order axial mode, respectively, whereas B and C correspond to TM and TE polarization of a first-order radial second-order axial mode. We note that the resonance dips for the TE mode are significantly suppressed due to much weaker coupling to the predominantly TM-polarized waveguide mode. Because of residual coupling to the TE mode, however, both polarizations can be identified in the spectrum. The quality factor of the cavity is estimated to a value around 1000 by Lorentzian fits to the resonance dips. The comparatively low quality factor 58 is attributed to the fact that bridge waveguide and disk resonator are touching and because of residual surface roughness of the resonator.
CONCLUSIONS
In this work, we demonstrate example applications of two-photon DLW for integrated optics. We combine the freedom to produce nearly arbitrary 3D polymer structures with the well-known fabrication and reliable measurement of quasiplanar silicon nitride devices. Along these lines, we are able to fabricate photonic devices that are difficult to obtain by conventional planar lithography techniques. First, we show efficient coupling of light from planar rib waveguides to a 3D bridge waveguide. Insertion loss is below 2 dB per facet at a wavelength of 1550 nm. Second, we present a broadband mode evolution-based polarization rotator for the telecoms C-band with net conversion efficiencies exceeding 75% at a power loss of 5-7 dB. As a third example, we show coupling between a 3D bridge waveguide and a freestanding polymer disk resonator.
Further applications of interest that could prospectively be investigated include on-chip coupling to ultra-high Q resonators like microspheres 59 or convenient on-chip access to 3D photonic crystals. 22, 23 Also, the approach could be extended to the visible regime. For the silicon nitride devices, this is readily done by adjusting grating coupler period and waveguide geometry. For the polymer structures, however, resolution is limited by the DLW voxel size. Thus, in order to fabricate monomode waveguides for visible light, usage of more advanced 3D lithography techniques like stimulated-emission-depletion DLW 60 could be required.
